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Abstract 
SnO2 has high electron mobility and low photocatalytic action compared to TiO2.  However, SnO2-based DSCs have shown 
limited performance due to their high electron recombination. Recombination can be suppressed to a certain extent using Li+ as 
an electron screening layer on the SnO2 surface. Li
+ ions are adsorbed on to the SnO2 surface as the surface is negatively charged 
by O2- sites and –OH groups. This will shift the conduction band edge of SnO2 towards more positive direction thus increasing 
the electron harvesting efficiency of the device. Also, recombination occurring at the FTO/electrolyte interface can be reduced 
using tert-butylpyridine (TBP) as a gel electrolyte-additive as it covers the uncovered FTO surface. The gel electrolyte showed 
4.7 x 10-3 S cm-1 of ionic conductivity and 4.91 x 10-6 cm2 s-1 of diffusivity for triiodide ions. These values agreed with the 
reported values in literature. In this study , the DSCs were fabricated with the device structure of FTO/Li+-doped SnO2/D358 
dye/gel electrolyte/lightly platinized FTO counter electrode.  The device containing 1:0.06 molar ratio of SnO2 to Li
+ gave an 
efficiency of 4.3% while undoped device gave 1.6 %. Li+-doped system showed 30% increase in current density and 61% 
increase in VOC.  
© 2015 The Authors. Published by Elsevier Ltd. 
Selection and/or peer-review under responsibility of the scientific committee of Symposium 2015 ICMAT. 
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1. Introduction 
The efficiency of a dye-sensitized solar cells (DSCs) depends on the electron injection rate of the photo-excited  
sensitizer molecu les  to  the  conduction band  of  the  semiconductor and on the  reduction rate of  the  oxidized   
dye  by  the redox species in the electrolyte. There is vast literature availab le and there have been many attempts to 
investigate the factors affecting the charge injection rate. Recently, Barea  et al. have shown that phthalocyanine has 
lower electron in jection rate compared to N719 dye, which has a higher LUMO position than that of phthalocyanine 
[1]. These results suggest that the LUMO position of a dye molecule directly affects the charge injection rate in 
addition to the effects of the conduction band position of the semiconductor material. Three main types of dye 
regeneration process take place when a DSC operates. The first is recombination of the electrons which  are in jected 
into the conduction band with the oxid ized  dye molecu les. The second is  internal recombination o f the oxid ized  dye 
molecules. But these two processes only affect in  a negative manner on the efficiency of the device. The third  
process is the regeneration of excited dye molecules through the redox species in the electrolyte and this is the only  
process which has a positive influence on the performance of the solar cells  [2]. Therefore, scientists have paid 
attention on modifying the electrolyte using different salts having cations that help enhance the diffusivity of redox 
species [3,4]. 
Only a few research articles are available on fabricating DSCs by incorporating cations directly into the 
semiconductor material. Zhang et al. have demonstrated the influence of lithium ions on the growth and assembly of 
ZnO nanocrystallites [5].  According to the Photo-luminance studies of Bhattacharjee and his co-workers, oxygen 
vacancies in the ZnO increase in conjunction with Li ion concentration [6]. These findings have led to  the 
introduction of alkali metal ions into the semiconductor material of DSCs to enhance the performance of the device. 
Therefore, this work is focused on introducing lithium ions to the SnO2 n-type semiconductor in o rder to reduce the 
high recombination associated with SnO2 despite its relatively high electron mobility compared to most frequently 
used materials such as TiO2. Although TiO2-based dye-sensitized solar cells (DSCs) with liquid  electro lytes have 
shown higher performance in  their class, they still suffer from some practical limitat ions such as solvent evaporation 
and sealing imperfections due to liquid electro lyte [7-9] and due to the low electron mobility and photocatalytic 
effect of the TiO2. These problems can be circumvented to a certain extent by introducing SnO2-based photoanodes 
and replacing the liquid electrolyte by quasi-solid-state electrolytes. 
 
2. Experimental  
2.1. Preparation of Li+-doped SnO2 working electrode. 
3.0 cm3 of SnO2 collo idal solution was mixed with different amounts of LiI salt using a magnetic stirrer for 24 
hours. Li concentration was varied from zero  to 5.30 x 10-2 mol dm-3. The mixture was freeze-dried and later 
sintered at 500oC. Then the resultant powder material, 40.0 cm3 of ethanol, 10 drops of acetic acid and 5 drops of 
triton-X 100 were g round well and the resultant solution was sprayed on to the pre -heated FTO at 150oC. The 
samples were sintered at 500oC for 30 minutes and they were cooled down to 80oC. Then the samples were 
immersed in D358 dye solution for 12 hours and rinsed with acetonitile  in order to remove the excess dye before 
preparing the working electrode. 
2.2. Preparation of the gel polymer electrolyte.  
0.225 g of po lyacrylonitrile , 0.750 g of p ropylene carbonate, 0.525 g of ethylene carbonate, 0.150 g of 
tetrapropylammonium iodide, 0.020 g of iodine, 0.025 g  of tert-butylpyrid ine were  mixed well using a magnetic 
stirrer at 80o C  for 12 hours. The resultant gel electrolyte was sandwiched in between the working electrode and a 
lightly platinized counter electrode.  
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2.3. Analysis techniques 
The photoelectrochemical performance of the DSCs devices was obtained using a  solar simulator (PECCELL-L01) 
with a source meter (Keithley 2400) at 25oC. The light intensity was AM 1.5 (100 mW cm-2). The total irrad iated 
area of the DSCs was 0.25 cm2. The powder X-ray  diffract ion (XRD) studies were obtained using a Siemenes 
D5000 X-ray d ifracto meter with the Cu Kα radiation (λ=1.540562 Å) at a  scan rate of 1o min-1. The linear sweep 
voltammetric and conductivity measurements were carried out using an Autolab (PGSTAT12) varying the applied  
potential from +0.1 V to -0.6 V at a scan rate of 1 mV s-1.  
 
3. Results and Discussion  
The XRD patterns of the undoped SnO2 and Li
+-doped SnO2 are depicted in Fig. 1. Samples were in  
polycrystalline form and they exh ibited monoclinic crystal structure and their peak positions were identified . Any 
other crystalline phases could not be observed when Li ions are present in  the system. XRD intensities of major 
peaks of Li+-doped SnO2 relative to the (110) peak have increased with the introduction of Li ions into the system 
indicating the reduction of particle size due to Li+-doping [10]. Crystalline sizes were calculated using Scherrer’s 
equation for bare SnO2 and Li
+-doped samples and they were 60 nm and 10 nm, respectively.  Li+-doping has 
significantly reduced the crystalline size of the SnO2 particles possibly due to the attachment of Li
+ ions onto the 
surface of the semiconductor material.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                          Fig. 1 XRD spectrum of neat SnO2 and Li+-doped SnO2. 
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The apparent diffusion coefficient ( 𝐷ூయష)  value of triiodide ions can be calculated using the Equation (1) by  
measuring the limit ing diffusion current through the linear sweep voltammograms study at room t emperature  
[11,12]. The electrostatic interaction due to the applied  electric field  will be governed by the cations and iodide ions 
in the gel polymer electrolyte as the concentration of triiodide ion is approximately  ten times lower compared  to the 
iodide ion concentration.   
 
𝐽௟௜௠ =
ଶ௡ி஼಺యష ஽಺యష
௟                                  (1) 
 
where F  is the Faraday constant, Jlim is the limit ing diffusion current density, 𝐶ூయష is the molar concentration of 
triiodide ions considering that the all I2 added to electrolyte is converted to triiodide ions, n is the number of 
electrons involved in redox reaction and l is the distance between the two electrodes. The gel polymer electro lyte 
gave a diffusivity of triiodide ions 4.91 x 10-6 cm2 s-1 and this value is agreed with reported values in similar studies.  
Also, conductivity study was carried out for gel polymer electrolyte at room temperature. Ionic conductivity (𝜎 ) 
was calculated using the Equation (2) [13]. 
 
𝜎 = ௟஺ோ                                                    (2) 
 
where l is the thickness of gel polymer electro lyte, A is the area of the electrode and R is the resistance and it was 
taken at the intercept of the Nyquist plot with the real axis of the impedance plot. The gel polymer electro lyte 
showed ionic conductivity of 4.7 x 10-3 S cm-1.  In order to better ions transport, DSCs should posses the high 
amorphous gel electrolyte medium. When the ion transport taken place efficiently, it will allow for the higher 
current density. The diffusivity of triiodide and the ionic conductivity values gave an evidence of suitability of gel 
polymer electrolyte for the application of the dye-sensitized solar cells.  
 
. 
 
 
 
 
 
 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                                  Fig. 2 Variation of solar cell parameters with Li+ ion concentration.  
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Fig. 2 g ives the variation o f the short circuit  current density JSC, the open circu it voltage VOC and the cell efficiency 
of the devices with Li+ concentration. The JSC of the devices shows a significant increase with increasing 
concentration of Li ions. In itially, the short circuit current density shows a slight increase up to about a Li+ 
concentration of 2 x 10-2 mol dm-3.  Above 2 x 10-2 mol dm-3, there is an increase of about 30% of JSC up to 4 x 10
-2 
mol dm-3 and then it  starts to decrease drastically.  We attempt to explain the above observations as follows. The 
electron in jection rate depends on the energy difference between the excited dye molecules and the conduction band 
of the semiconductor.  The surface adsorbed or intercalated Li ions will lower the conduction band edge towards 
more negative direction with respect to the vacuum level thus increasing the electron injection rate resulting in an  
increase in photocurrent [14].  According to the results shown in Table 1, the increase of the density of state of the 
semiconductor material with the increase of Li ion concentration gave an evidence for the  increase of JSC of the 
device. Also, we can speculate that the increase of JSC might be due to the increase of the dye anchorage from 
monodentate to bidentate monolayer coverage. The bidentate monolayer coverage has ability to enhance the 
electrons injection efficiency compared to monodetate monolayer coverage. Also, when Li ions were introduce d into 
the system, this might help to increase the dipole potential thus increasing the electron injection rate [15].  
 
Table 1. Variation of IV characteristics with the Li+ ion concentration 
 
 
 
The drastic decrease in  photocurrent beyond 4 x 10-2 mol dm-3 might be due to  increased trapping of in jected 
electrons by the trap levels formed  by increasing Li+ concentration. Since the two  processes above are competing 
effects the JSC variation with Li
+ concentration goes through a convex pattern as observed. Generally, SnO2-based 
DSCs show high recombination resulting in low VOC values. The undoped system shows a VOC of 430 mV.  But 
after the introduction of Li ions to the system, the VOC has increased up to 740 mV. This can be attributed to the 
reduction of recombination of electrons by surface adsorbed Li ions as its acts as electron shield ing layer.  But with 
further increase of Li ion concentration beyond about 2 x 10-2 mol dm-3 the voltage tends to decrease. The surface 
adsorbed or intercalated Li ions will lower the conduction band edge towards more negative direction with respect 
to the vacuum level thus reducing the VOC which is the energy difference between the conduction band and the 
redox potential. 
Also, the introduction of TBP would help to enhance the voltage of the device to a certain  extent as it covers the 
uncovered area of the semiconductor network, places where the uncovered by dye molecu les and the uncovered area 
of FTO substrate, places where the uncovered by semiconductor matrix. Then the recombination of the triiodide ions 
with the electrons in the conduction band of semiconductor reduces.   
Li+ (x 10-2 mol dm-3) JSC VOC FF η% 
0 5.85 0.430 0.620 1.60 
1.06 5.87 0.709 0.615 2.56 
1.42 5.97 0.740 0.746 3.09 
1.77 6.04 0.700 0.769 3.25 
2.13 7.60 0.690 0.810 4.26 
3.53 7.52 0.664 0.737 3.68 
5.30 4.96 0.618 0.787 2.41 
74   W.M.N.M.B. Wanninayake et al. /  Procedia Engineering  139 ( 2016 )  69 – 75 
4. Conclusions 
The best device of Li+-doped SnO2 system gave an efficiency of 4.26 % with a short circuit current density of 7.60 
mA cm-2 and with a VOC of 690 mV while bare SnO2 system showed an efficiency of 1.60% with a JSC of 5.85 mA 
cm-2 and with a VOC of 430 mV. In summary, the enhanced JSC of the Li
+-doped DSC can be attributed to the 
improved electron injection rate. The enhancement of the VOC can be considered to be due to reduced 
recombination. However, beyond about 4 x 10-2 mol dm-3 Li+ concentration, electron trapping due to Li+ reduces JSC 
while, lowering of the conduction band reduces the VOC. According to our observations the optimum Li
+ 
concentration for a maximum solar cell efficiency of this system could be around 2 x 10-2 mol dm-3. Presence of the 
alkalin cation  in  the semiconductor material will be able to change the semiconductor type (n to p). Th is will be 
applicable in different fields such as gas sensor, Li-ion battery anodes, photocatalysts in addition to DSCs.   
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